A new study of congenitally blind participants has provided important insights into the neuronal mechanisms of brain reorganization after injury, with implications for our knowledge of other cross-modal phenomena, such as synaesthesia, and for the generation of qualia.
The human brain retains a high level of plasticity into adulthood, making possible adaptive changes which can compensate for damage and at least partially restore abilities ranging from sensory to higher cognitive functions. This capacity for plasticity is now being exploited by numerous rehabilitation and active research programs within neuroscience, medicine, engineering, psychology and occupational therapy.
It has been shown that a brain region that is normally dedicated to the processing of a given sensory modality can, if deprived of its normal sensory input, be recruited by another sensory modality. For example, the primary visual cortex, which is involved in visual processing in healthy humans, is activated when blind participants perform tactile tasks such as Braille reading [1] .
Determining the neuronal mechanisms behind this type of cross-modal plasticity is a fundamental problem for understanding brain development and in the application of neuroscience to recovery from brain damage. One possibility, called the reorganization hypothesis, is that the reorganization of the deprived brain leads to the establishment of new mediating pathways. A second possibility, the unmasking hypothesis, is that damage induces unmasking and strengthening of existing neuronal connections [2] .
In an innovative study, Kupers et al. [3] shed light on the neuronal mechanism behind this key question. They trained three groups of visually deprived participants: people blind from an early period in life; people blind from a later period in life; and blindfolded healthy control participants. The blind participants had suffered peripheral damage and therefore had an intact primary visual cortex. A well-designed experiment avoided any manual task that might give an advantage to blind people, for example as a result of Braille reading. Instead, the participants were trained on a sophisticated tactile task using the tongue display unit [4] . In the tongue display unit, electrotactile stimulation is delivered by a three-by-three electrode array placed on the participant's tongue. With training, both the sighted and bind participants could discriminate patterns of tongue stimulation with at least 85% correct responses on two successive days.
Before and after training participants received single pulse transcranial magnetic stimulation (TMS) over the visual cortex and adjacent areas in the occipitoparietal and occipitotemporal association cortices. TMS induces a current which depolarizes the cell membrane, which has consequences according to the site of stimulation: for example, it causes motor movement under motor cortex stimulation, or phosphenes when the visual cortex is stimulated. Although all three groups were asked to report any subjective sensation due to the TMS pulse, none of the participants reported a subjective feeling from the tongue before the training started. In contrast, after the training, three early blind and one late blind participant reported a sensation on the tongue after TMS. This sensation was described as short lasting tingling, which varied in intensity, extent and topography. Moreover, the characteristics of these qualia were somatotopically organised as a function of the occipital cortex stimulation. Importantly, while the amount of training and performance was similar between the different groups, none of the healthy, non-blind, participants reported similar tactile sensations; rather, as would be expected after stimulation of the occipital cortex, they reported phosphenes [5] .
Coming back to the key question of the neuronal mechanisms behind cross-modal plasticity, the time frame of the cross-modal plasticity observed by Kupers et al. [3] is critical. The plasticity was observed in less than a week, a time-frame which excludes the possibility of the establishment of new anatomical connections [6] . This would tend to support the unmasking hypothesis. This view receives further support from earlier studies that have questioned the standard view of sensory cortical parcellation by demonstrating multi-modal neurons in a supposedly modality-specific area in rats [7] , while others have shown that tactile processing can be disrupted by interfering with the visual cortex of healthy participants [8] . These observations suggest there are latent non-visual inputs to the visual cortex, but these might not give rise to conscious visual sensations because of masking by the dominating visual input which constitutes the majority of the neuronal population in visual cortex.
Previous studies have supported the reorganization hypothesis by observing that early blind, in comparison to late blind, subjects exhibit larger activity in the visual cortex evoked by tactile stimulation [9] . It is important to note, however, that the difference between early and late blind participants in previous studies was investigated by using Braille reading as the experimental task. This tactile task clearly involves several confounding factors, which Kupers et al. [3] successfully avoided, such as experience with fingertip tactile stimulation that resulted in an increased activation in the visual cortex.
The riddle of the neuronal mechanism behind cross-modal sensation is not limited to the cases of negative symptoms, such as complete loss of a sense. Similar inquiries about the source of cross-modal sensation in healthy people with positive symptoms are stimulated by the phenomenon of synaesthesia [10] . In synaesthesia, sensory experiences, such as tastes, or concepts, such as numbers, automatically evoke additional percepts, such as color. For example, a grapheme-colour synaesthete will experience colour when seeing a digit or letter, and a vision-touch synaesthete will experience being touched when seeing other people touched [11] . In the case of E.S., a hearing-taste synaesthete, a musical interval induces a taste on the tongue: for example, major sixth tastes like low-fat cream [12] . In line with this phenomenology, brain imaging studies have found that, in synaesthetes, in contrast to non-synaesthetes, visual areas can be activated by sound [13] , and the somatosensory cortex can be activated by visual input [11] (Figure 1) .
Whether synaesthesia is a result of abnormal neuronal connections, due to a failure of pruning at an early developmental stage, or a malfunction in inhibition, is a point of dispute [14] . In the latter view, synaesthesia would be mediated by the same neuronal connections that exist in non-synaesthetes' brains, and the unusual experience would be induced by disinhibition of feedback signals, probably from a 'multisensory nexus'. These hypotheses have a striking similarity to those drawn by researchers working on compensatory changes in the deprived brain, with failed pruning corresponding to the reorganization hypothesis and disinhibition to the unmasking hypothesis. The similarity does not end here. Both cross modal phenomena show a wide range of individual differences [14] and both are bidirectional. That is, previous studies found that tactile tasks activate the occipital cortex in blind participants [1, 2, 6] .
Moreover, Kupers et al. [3] showed that, after training to discriminate motion based tongue stimulation, stimulation to the visual cortex resulted in tactile sensation on the tongue. Similarly, it has been shown that in grapheme-colour synaesthesia not only does number activate colour but also colour activates a numerical magnitude [15] . Might it be that finding the source for one of them will supply critical information for the other? And more fundamentally, might the 'extra' qualia experienced by these two groups of people show that the basis of awareness is in modality-specific cortices rather than in higher order control centres? Answering these questions will make a valuable contribution to the understanding of the mechanisms behind these interesting phenomena, and provide further clues as to why some people perceive information consciously while others do not. On the left side is an example of a negative symptom (blindness), which in the study by Kupers et al. [3] was shown to result in cross-modal plasticity in the deprived brain. In the case shown, areas of the tongue of a blind participant showed a somatotopically mapped tactile sensation after TMS to the visual cortex (in red). On the right side, an example of the positive symptom (synaesthesia) of the spectrum. In this study [11] , synaesthete C, who has vision-touch synaesthesia, showed an elevated sensorimotor activation after seeing other people touched (in white). In the middle an example of an average brain from the normal population which does not show cross-modal sensation. Connections between these two sides of the spectrum may lead to answers to similar basic questions about perception.
